Germ line control of female sex determination in zebrafish  by Siegfried, Kellee R. & Nüsslein-Volhard, Christiane
Developmental Biology 324 (2008) 277–287
Contents lists available at ScienceDirect
Developmental Biology
j ourna l homepage: www.e lsev ie r.com/deve lopmenta lb io logyGerm line control of female sex determination in zebraﬁsh
Kellee R. Siegfried ⁎, Christiane Nüsslein-Volhard
Max Planck Institute for Developmental Biology, Department of Genetics Spemannstrasse 35, 72076 Tübingen, Germany⁎ Corresponding author. Fax: +49 7071 601 384.
E-mail address: kellee.siegfried@tuebingen.mpg.de (
0012-1606/$ – see front matter © 2008 Elsevier Inc. Al
doi:10.1016/j.ydbio.2008.09.025a b s t r a c ta r t i c l e i n f oArticle history: A major transition during d
Received for publication 22 July 2008
Revised 12 September 2008
Accepted 15 September 2008
Available online 7 October 2008
Keywords:
Gonad
Ovary
Zebraﬁsh
Sex determination
Germ lineevelopment of the gonad is commitment from an undifferentiated “bi-potential”
state to ovary or testis fate. In mammals, the oogonia of the developing ovary are known to be important for
folliculogenesis. An additional role in promoting ovary fate or female sex determination has been suggested,
however it remains unclear how the germ line might regulate this process. Here we show that the germ line
is required for the ovary versus testis fate choice in zebraﬁsh. When the germ line is absent, the gonad adopts
testis fate. These germ line deﬁcient testes have normal somatic structures indicating that the germ line
inﬂuences fate determination of surrounding somatic tissues. In germ line deﬁcient animals the expression of
the ovary speciﬁc gene cyp19a1a fails to be maintained whereas the testis genes sox9a and amh remain
expressed. Furthermore, we observed decreased levels of the ovary speciﬁc genes cyp19a1a and foxL2 in
germ line deﬁcient animals prior to morphological sex differentiation of the gonad. We propose that the
germ line has a common role in female sex determination in ﬁsh and mammals. Additionally, we show that
testis speciﬁcation is sufﬁcient for masculinization of the ﬁsh pointing to a direct role of hormone signaling
from the gonad in directing sex differentiation of non-gonadal tissues.
© 2008 Elsevier Inc. All rights reserved.Introduction
How sex is determined is a long-standing question among biologists.
In D. melanogaster and C. elegans the genes responsible for sex
determination are well characterized (Cline and Meyer, 1996; Goodwin
and Ellis, 2002). However, in vertebrates, sex determination is less well
understood. Many mechanisms exist by which sex is determined in
vertebrates. It can be controlled by sex chromosomes, sometimes due to
a single sex determination gene, as is the case in mammals. Many cases
of polygenic sex determination also exist in vertebrates and are well
documented in ﬁsh (Devlin and Nagahama, 2002; Volff and Schartl,
2001). In addition, in some animals the environment controls the sexual
fate of the animal. For example, in alligators, most turtles, and some ﬁsh
sex determination is controlled by temperature (Baroiller and Guiguen,
2001; Godwin et al., 2003; Pieau et al., 2001). Social cues can also
inﬂuence sex determination, as is the case with sequential hermaphro-
ditic ﬁsh where changes in the social architecture lead to sex-change
(Devlin and Nagahama, 2002; Godwin et al., 2003).
In vertebrates, sex determination is thought to occur primarily in
the somatic support cells of the gonad. A common pool of precursor
cells exists in the undetermined gonad that gives rise to the somatic
support cells: either testis Sertoli cells, which form the future testis
cords, or ovarian granulosa cells, which form the future follicle. In
mammals, male fate is determined by a dominant male determining
gene on the Y chromosome called the sex-determining region Y geneK.R. Siegfried).
l rights reserved.(Sry) (Polanco and Koopman, 2007). Sry is expressed in the somatic
support cells of the XY gonad leading to speciﬁcation of Sertoli cell
fate. Sertoli cells then orchestrate development and morphogenesis of
the testis, which in turn, signals the sexual fate of other organs
through production of hormones (Brennan and Capel, 2004). The Sry
gene is only present in therian mammals (Wallis et al., 2008). In other
vertebrates a wide variety of sex determination mechanisms exist,
including genetic and environmental mechanisms (Morrish and
Sinclair, 2002). Therefore, the primary sex determination signal is
not conserved across vertebrates. However, the genes functioning
downstream of the primary sex determination signal are likely
conserved. Many genes known to play a role in mammalian sex
determination are also dimorphically expressed in the gonads in non-
mammalian vertebrates (Morrish and Sinclair, 2002; Yao and Capel,
2005). For example, the Sry-related HMG box gene 9 (sox9) transcrip-
tion factor functions downstream of Sry in mammals and has a pivotal
role in testis fate determination (Brennan and Capel, 2004). Dimorphic
sox9 expression is commonly observed in the male gonad during sex
determination across vertebrates suggesting a common role of this
gene in testis development (Morrish and Sinclair, 2002; Rodriguez-
Mari et al., 2005; Yao and Capel, 2005). Although expression data
show correlations between several genes (e.g. sox9) and sex
differentiation in vertebrates, as yet, the function of these dimorphi-
cally expressed genes in sex determination or gonad development has
not been demonstrated outside of mammals.
Although the somatic support cells of the mammalian gonad (i.e.
Sertoli and granulosa cells) have a clear role on the regulation of
mammalian sex determination, the role of the germ line in this
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Magre, 2006; Ottolenghi et al., 2007b). In mammals, the germ line is
not required for testis fate determination or morphogenesis as the
testis develops normally in its absence. By contrast, the germ line is
necessary for several aspects of ovary development. It is required for
initiation of follicle histogenesis and subsequent development of the
follicle (Choi and Rajkovic, 2006). In addition, several lines of evidence
suggest that the germ line has a role in female sex determination.
When meiotic oogonia are depleted, the ovarian pre-granulosa cells,
or future follicle cells, transdifferentiate into cells resembling testis
Sertoli cells and testis-like cords form (Guigon and Magre, 2006;
McLaren, 1991). In addition, using organ co-culture and reaggregation
experiments, it has been shown that XX meiotic oogonia can repress
morphogenesis of testis cords of XY somatic tissues (Yao et al., 2003).
Therefore, meiotic oogonia play a role in ﬁxing female sex determina-
tion through maintenance of granulosa cell fate and inhibition of
Sertoli cell fate. Mutant analysis shows that the somatic support cells
are also important for female sex determination. For example,
mutations affecting Wnt4 and FoxL2, which are expressed in somatic
support cells, result in partial XX sex reversal (Ottolenghi et al., 2005;
Vainio et al., 1999). Therefore, in mammals, it is likely that the germ
line and somatic tissues cooperatively regulate female sex determina-
tion. How the germ line affects the sexual fate of the surrounding
somatic cells is not known.
In the zebraﬁsh, sex determination is not understood. Zebraﬁsh
have variable sex-ratios, no detectable heteromorphic chromosomes
(Sola and Gornung, 2001; Traut and Winking, 2001; Wallace and
Wallace, 2003), and no sex-linked mutations or markers have been
reported. Therefore, it is unlikely that a single genetic locus
determines sex. However, selection experiments can yield populations
that are predominantly male, suggesting that sex determination is, at
least in part, inﬂuenced by the genome (Richard Bartfai and Laszlo
Orban, personal communication). Sex determination in zebraﬁsh is
also partially inﬂuenced by environmental factors such as hypoxia,
temperature, food availability, and population density (Lawrence et
al., 2007; Shang et al., 2006; Uchida et al., 2004, and KRS unpublished).
Thus, zebraﬁsh likely have a complex sex determination system,
controlled by a combination of genetic and environmental factors.
The ﬁrst signs of sex differentiation in zebraﬁsh are histological
differences in the developing gonads. Zebraﬁsh are undifferentiated
gonochorists, as deﬁned by Yamamoto (Yamamoto, 1969): all
individuals ﬁrst initiate oogenesis forming an immature non-
functional ovary before developing a fully differentiated ovary or
testis (Maack and Segner, 2003; Takahashi, 1974;Wang et al., 2007). In
the “juvenile ovary”, stage Ib (Selman et al., 1993) perinuclear oocytes
are present in gonads of all ﬁsh (Maack and Segner, 2003; Takahashi,
1974;Wang et al., 2007). Subsequent initiation of testis speciﬁcation in
developing males becomes apparent by an irregular appearance and
degeneration of oocytes. An increase of somatic stromal cells is then
seen followed by initiation of spermatogenesis (Maack and Segner,
2003; Takahashi, 1974). In developing females, progression of
oogenesis occurs. This mode of gonad development has been reported
in other ﬁsh including rainbow trout and the Sumatra barb (Misic,
1923; Takahashi and Shimizu, 1983).
We demonstrate that the germ line is essential for female sex
determination in zebraﬁsh. Zebraﬁsh without germ cells develop as
phenotypic males (Ciruna et al., 2002; Draper et al., 2007; Houwing et
al., 2007; Slanchev et al., 2005). Previously it was reported that
zebraﬁsh lacking germ cells do not have gonadal tissue as adults
(Slanchev et al., 2005). By contrast, we ﬁnd that ﬁsh without a germ
line develop a testis. This indicates that the germ line is required for
ovary fate determination. The somatic tissues of germ line deﬁcient
testes have normal structure, cell types, and somatic gene expression
compared to wild-type testis. We further show that the germ line is
required for maintenance of ovary-speciﬁc gene expression and
down-regulation of testis gene expression in surrounding somaticcells. Therefore, the germ line inﬂuences the fate choice of the
surrounding somatic tissues, possibly by controlling expression of key
regulators of sex determination. Furthermore, we ﬁnd that speciﬁca-
tion of testis fate is sufﬁcient tomasculinize the organism pointing to a
central role of the gonad in sex determination in zebraﬁsh.
Materials and methods
Morpholino injection
The AB wild-type zebraﬁsh strain was used in all experiments. We
also injected dnd-MO into TLF and Tue strains and observed testis
development andmasculinization similar to that seen in the AB strain.
Morpholinos to the dnd genewere injected into 1-2 cell stage zebraﬁsh
embryos as described (Weidinger et al., 2003). In initial experiments, a
subset of injected and uninjected embryos were ﬁxed at 24 hpf and
either stained for vasamRNA by in situ hybridization or with anti-Vasa
antibody to verify absence of the germ line (Knaut et al., 2000).
Histology and in situ hybridization
For histology, tissue was ﬁxed overnight in Bouin's ﬁx (Sigma),
dehydrated and inﬁltrated in parafﬁn. Parafﬁn sections were cut at
0.5 μm and stained with Hematoxylin and Eosin.
Whole mount in situ hybridizations were performed on gonads
from juvenile ﬁsh. Control sense probes were run in parallel for all
experiments. Tissue was ﬁxed in 4% paraformaldehyde (PFA) over-
night at 4 °C, dehydrated in a graded methanol series and stored in
100% MeOH. Tissue was reconstituted in PBS with 0.1% Tween20
(PBST). Proteinase K treatments were 5-10 min at 37 °C. Prehybridiza-
tion and hybridization was carried out at 68 °C: 50% formamide, 5%
SSC, 0.1% triton-×100, 0.1% CHAPS, 5 mM EDTA, 100 μg/ml tRNA, 50 μg/
ml heparin. Post-hybridization washes were done at 68 °C for 30 to
60 minutes as follows: 2 washes in 50% formamide, 4× SSC, 1% SDS,
0.1% CHAPS; 1 wash in 50% formamide, 3× SSC, 0.5% SDS, 0.1% CHAPS;
2 washes in 25% formamide, 2× SSC, 0.1% CHAPS; 2 washes in 0.2× SSC,
0.1% CHAPS. Samples were washed at room temperature 3 times in
MAB with 0.1% Tween20 (MABT), and blocked in MABT with 20%
sheep serum, 2 mg/ml Roche blocking powder, 0.1% CHAPS, 0.5 mg/ml
levamisole for 1- 2 hours. Tissue was incubated in Anti-DIG alkaline
phosphatase antibody (Roche) in blocking overnight at 4 °C. Tissue
was washed in MABT with 0.5 mg/ml levamisole, then NTMT with
0.5mg/ml levamisole. The color reactions were carried out using BCIP/
NBT and post ﬁxed in 4% PFA.
In situ detection of 3βHSD activity
Gonadswere dissected and ﬁxed overnight in 4% PFA, washed 3× in
PBST then stained in the following staining solution in PBST: 0.2 mM
etiocholan-3β-ol-17-one, 1.5 mg/ml nicotin amide adenine dinucleo-
tide (NAD), 1 mg/ml BSA, 100 μl/ml dimethyl formamide (DMF),
0.1 mM EDTA,1mg/ml nitroblue tetrazolium (NBT). Stained tissuewas
ﬁxed in 4% PFA, embedded in parafﬁn and sectioned. Sections were
visualized by DIC optics.
RT-PCR and quantitative PCR
Tissuewas collected for RT-PCR and quantitative RT-PCR (qRT-PCR)
experiments from freshly dissected ﬁsh. Wewere unable to isolate the
gonads from ﬁsh at 25 dpf; instead we removed the head, tail and
viscera and used the remaining tissue to isolate RNA for qRT-PCR. This
tissue included skin, muscle, bone (vertebrae and ribs), swim bladder,
kidney and gonads. In situ hybridization of sox9a, amh and cyp19a1a
performed on similarly prepared tissue showed no detectable
expression outside of the gonads, with the exception of sox9a
expression occasionally in developing pectoral ﬁns (not shown).
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35 dpf and from adult ﬁsh. Tissue was collected into Tri® Reagent
(Sigma) and RNA was isolated following the manufacture's protocol.
Each tissue sample from juvenile ﬁsh (25 and 35 dpf) included tissue
from about 40 to 50 individuals. Cloned AMV Reverse Transcriptase
(Invitrogen) was used for ﬁrst strand cDNA synthesis. Controls in
which no reverse transcriptase was added were performed in parallel
in RT-PCR experiments. RNA prepared for qRT-PCR was treated with
DNAseI.
The following primers were used for RT-PCR reactions:GeneFig. 1. Zebraﬁsh la
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cyp19a1a CTGCTAGCCATCAGACACCA ATCCTGCAACTCCTGAGCAT
β-actin GACATCAAGGAGAAGCTGTGC GAGGAGGGCAAAGTGGTAAACcyp11b and vasa primers were as described (Krovel and Olsen, 2004;
Wang and Orban, 2007). 30 cycles were run, except for the vasa PCR
reactions which were performed following (Krovel and Olsen, 2004).
The following primers were used for qRT-PCR:Gene Forward primer (5′-3′)n
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dnd TGATTCCTCAACCCACCATAA TGGACTTCATATTGCGGAGA
ziwi TGACATAACAGATGGCAACCA GCCCTCTCTCTGTTCAGGACT
amh CACGAAGAGCAGGACAACAA TGGAGCACACTCTGAACCAG
sox9a AGTCCACACGTTTCCTGATTG ATCCTGTGGAATTCTGTGACG
cyp19a1a TGCACAGATCCGAATTCTTCT GCTGTGACAGGTTGTTGGTTT
foxL2 CCCAGCATGGTGAACTCTTAC CGTGATCCCAATATGAGCAGTings of adult (7 month old) wild-ty
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Supermix (Bio Rad) and analyzed by the DNA Engine Opticon (MJ
Research). Melting temperatures and primer efﬁciencies were
measured and fold changes were calculated as described (Pfafﬂ,
2001). Three biological samples were performed per experiment and
each biological sample was run in triplicate. To ﬁnd a suitable
“housekeeping” gene for normalization we tested three genes: elon-
gation factor 1 alpha (ef1α) and ribosomal protein L13 alpha (rpl13α) as
described (Tang et al., 2007) and β-actin (same as RT-PCR primer
shown above). We found that ef1α and rpl13α showed no difference
in expression levels between wild-type and germ line deﬁcient testis
from adult ﬁsh, whereas β-actin showed a slight difference. We used
rpl13α for normalization in all experiments.Results
Zebraﬁsh lacking germ cells are male and have testes
To produce ﬁsh with no germ cells, zebraﬁsh embryos were
injected with morpholino antisense oligonucleotides to the dead end
(dnd) gene as previously described (Ciruna et al., 2002; Weidinger et
al., 2003). The dnd gene is essential for germ line survival: dnd
morphant germ cells fail to migrate to the future gonad and die by 24
hours post fertilization (hpf) (Weidinger et al., 2003). In initial
experiments, we tested the effectiveness of dnd morpholino (dnd-
MO) injections by staining a subset of the injected embryos at 24 hpf
for the germ cell speciﬁc gene, vasa (see materials and methods). Allpe and germ line deﬁcient testes. (A) Wild-type testis. The testis is organized in tubules
cells undergo spermatogenesis synchronously, outlined in blue (A′). Spermatozoa (sz)
nd inset) are found within the tubules and Leydig cells (L) are in the interstitial spaces,
(B′). Sertoli cells are lining the inside of the tubules (some marked by arrowheads and
nt in intertubular regions. sz, spermatozoa; st, spermatids; sg, spermatogonia. Scale bars
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siblings exhibited staining in germ cells (data not shown). Embryos
injected with the dnd-MOwere raised to adulthood.We observed that
100% of germ line deﬁcient ﬁsh had male coloration and male mating
behavior as they could induce females to lay eggs, as previously
reported (Slanchev et al., 2005). We conclude that germ line deﬁcient
zebraﬁsh are masculinized, including their behavior.
Previous reports of germ line deﬁcient zebraﬁsh claimed that ﬁsh
lacking a germ line have no gonadal tissue in adults suggesting that
the germ line is required for survival of the somatic gonadal tissues
(Slanchev et al., 2005). By contrast, we found that germ line deﬁcient
zebraﬁsh have testes. Adult dnd-MO injected ﬁsh were dissected and a
small, clear gonad was found. The gonad was sectioned and stained
with Hematoxylin and Eosin (H&E) to determine the organ identity.
The gonads had organized tubules resembling testes, although they
were empty of germ cells and therefore smaller (Fig. 1). Cells
resembling Sertoli cells lined the tubules (Figs. 1A , B, insets) and
cells resembling Leydig cellswere seen in the interstitial space. Overall,
these gonads appeared to be testis with normal somatic structures,
which lack germ cells. Therefore, the germ line is not required for
somatic gonad survival, but for speciﬁcation of ovary fate.
Testes without germ cells have appropriate somatic cell types and gene
expression
Although the somatic tissues of germ line deﬁcient testes appeared
normal by histology, we wanted to further test for testis cell types by
gene expression analysis. By RT-PCR we found virtually no expression
of the germ line speciﬁc genes vasa and piwi-like 1a (ziwi), indicating
that the germ line was indeed absent (Fig. 2A).Fig. 2. Adult germ line deﬁcient gonads exhibit expression of genes normally expressed in w
experiment was done on two independent samples. Negative controls lacking reverse transcr
a chromatographic assay. (B) Wild-type and (C) germ line deﬁcient testes have 3βHSD activThe Sertoli cells are critical for testis morphogenesis and support
spermatogenesis. To assay for Sertoli cells in adults, we analyzed
expression of the sox9a and anti-müllerian hormone (amh) genes. In
adult zebraﬁsh, amh is expressed weakly in the ovarian follicle
granulosa cells and more strongly in testis Sertoli cells (Rodriguez-
Mari et al., 2005), while sox9a is expressed in testis Sertoli cells
(Chiang et al., 2001a). Both amh and sox9a were expressed in germ
line deﬁcient testes similar to wild-type testes indicating that Sertoli
cells are present (Fig. 2A).
The Leydig cells are the primary testosterone producing cells of the
testis. To ask if Leydig cells were properly speciﬁed, we assayed for
expression of cytochrome P450 11b (cyp11b), encoding 11β-hydro-
xylase, using RT-PCR and for activity of the enzyme 3β-hydroxysteroid
dehydrogenase (3βHSD) by a chromatographic assay on whole tissue.
These enzymes are involved in synthesis of testosterone and are
present in Leydig cells (Nordqvist and Tohonen, 1997; Wang and
Orban, 2007). We found that cyp11b is expressed in germ line deﬁcient
gonads, similar to wild-type testis (Fig. 2A). 3βHSD activity was
localized to intertubular regions, where Leydig cells are located, in
wild-type and germ line deﬁcient gonads (Figs. 2B, C). Thus, we
conclude that Leydig cells were properly speciﬁed in germ line
deﬁcient testes and were likely capable of testosterone synthesis.
To ask if any female tissues were present in germ line deﬁcient
gonads, we assayed for expression of cytochrome P450 aromatase
(cyp19a1a), which is expressed in the ovary but not the testis (Chiang
et al., 2001b; Kishida and Callard, 2001). The cyp19a1a gene is
expressed in the follicle cells of the adult ovary and encodes
aromatase, which converts androgens to estrogen thereby controlling
the overall balance of androgens to estrogens (Chiang et al., 2001c;
Goto-Kazeto et al., 2004; Rodriguez-Mari et al., 2005; Simpson et al.,ild-type testes. (A) RT-PCR of genes normally expressed in the ovary and/or testis. Each
iptase are in alternating lanes (c). (B-C) Detection of 3βHSD activity in Leydig cells using
ity in intertubular regions where Leydig cells reside. Scale bars are 10 μm.
Fig. 3. Histological analysis of wild-type and germ line deﬁcient gonads during sex-differentiation. Hematoxylin and Eosin stained sections of gonads from 25 dpf to 50 dpf. The gonad is outlined by a hashed line in some panels. (A-D) Gonads
fromwild-type and germ line deﬁcient ﬁsh at 25 and 30 dpf.Wild-type gonads have stage 1b perinuclear oocytes with associated somatic pre-follicle cells (white arrowheads) whereas dnd-MO treated siblings have only somatic gonadal tissue.
(E-G)Wild-type gonads at 35 dpf. Three developmental phases are found: (E) juvenile ovary, where healthy stage 1b oocytes are present; (F) “transition”, where the oocytes are degenerating (⁎) and the gonad is in the process of transitioning to
a testis; and (G) testis, where oocytes are no longer present, but spermatogonial cells are present in cyst-like structures (black arrowheads denote one spermatogonial cyst). (H) Gonads from 35 dpf dnd-MO injected ﬁsh have no germ cells and
no apparent organization of testes structures. (I-K) Wild-type gonads at 50 dpf, individuals are at various developmental stages: (I) oogenesis progresses in some animals; (J) gonads in transition are still found, where oocytes are intermixed
with testis tissue; and (K) progression of spermatogenesis and clear organization of testis tubules is also apparent. (L) At 50 dpf, morphogenesis of testes tubules becomes apparent in germ line deﬁcient testes. Scale bars are 10 μm.
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Table 1
In situ hybridization of sox9a, amh and cyp19a1a on developing gonads prior to and
during gonad sex-differentiation of the zebraﬁsh
25 dpf 30 dpf 35 dpf
wt dnd Wt Dnd Wt dnd
amh na na nd nd 10/21 31/31
sox9a 23/23 20/20 27/27 21/21 14/17 24/24
cyp19a1a 22/22 20/20 20/20 16/18 10/16 0/23
The numbers indicate the number of gonads with detectable expression by whole
mount in situ hybridization / total gonads scored. Each gonad was scored individually
due to occasional separation of the two gonads in a ﬁsh during dissection. The
expression of amhwas too weak to score at 25 dpf, in situ hybridization to amhwas not
done at 30 dpf.
282 K.R. Siegfried, C. Nüsslein-Volhard / Developmental Biology 324 (2008) 277–2871994). Expression of cyp19a1a was not detectable in germ line
deﬁcient gonads suggesting that ovarian-speciﬁc follicle cells were
not present (Fig. 2A).
The above expression analysis concurs with our histological data
that germ line deﬁcient gonadswere testes. We found that Sertoli cells
and Leydig cells were present and that the ovary-speciﬁc gene, cy-
p19a1a was not expressed. We conclude that germ line deﬁcient ﬁsh
have testes lacking germ cells.
Development of germ line deﬁcient gonads
Zebraﬁsh are undifferentiated gonochorists: they do not directly
develop a testis but pass through a juvenile ovary stage prior to testis
differentiation. To ask whether germ line deﬁcient zebraﬁsh differ-
entiated testis in a different manner thanwild-type, we observed how
the gonads of these ﬁsh develop. To this end, we did histological
analysis of gonads from dnd-MO injected and uninjected siblings at
stages prior to sex-differentiation through stages where testis
speciﬁcation and differentiation occurs (Fig. 3). In wild-type ﬁsh at
25 and 30 days post fertilization (dpf), the gonads of most ﬁsh were in
the juvenile ovary stage (Figs. 3A, C). The number of juvenile oocytes
present in these stages was variable, however, on average, gonads from
25 dpf ﬁsh had fewer oocytes than those from 30 dpf ﬁsh. dnd-MO
injected 25 and 30 dpf ﬁsh had apparent gonadal tissue devoid of germ
cells (Figs. 3B, D). At 35 dpf three classes of gonads were observed in
wild-type ﬁsh: 1) juvenile ovary stage, containing only immature
oocytes; 2) transforming gonads inwhich oocytes were still visible but
were often degenerating; and 3) differentiating testes that were
devoid of oocytes (Figs. 3E-G). dnd-MO injected siblings all had gonads
with no visible germ cells and no apparent organization of somatic
tissues (Fig. 3H). At 40 dpf a similar spectrum of morphologies was
present as observed at 35 dpf (data not shown). At 50 dpf progression
of oogenesis or spermatogenesis was apparent in gonads of wild-type
ﬁsh and a few oocytes were still present in some testes (Figs. 3I-K). The
testes of germ line deﬁcient ﬁsh were beginning to form testes tubules
(Fig. 3L). From these observations we conclude that somatic gonad
development of germ line deﬁcient ﬁsh progresses with apparently
similar timing to wild-type development.
cyp19a1a expression is initiated but not maintained in germ line
deﬁcient testes
To further characterize how germ line deﬁcient gonads develop as
testes, we next asked whether there was normal expression of genes
known to be expressed in a sexually dimorphic manner during gonad
fate determination. In zebraﬁsh, the transition from a juvenile ovary to
a testis can beginwithin a large timewindow of several weeks (Maack
and Segner, 2003; Wang et al., 2007). This time window can vary
depending on different laboratory conditions (Maack and Segner,
2003; Rodriguez-Mari et al., 2005; Takahashi, 1974; Uchida et al.,
2002). The above histological study showed that in our laboratory, the
transition from a juvenile ovary to a testis began between 30 and
35 dpf and that differentiating testes containing a few oocytes were
still found at 50 dpf. The earliest genes known to exhibit dimorphic
gonad expression in zebraﬁsh are sox9a, amh, and cyp19a1a
(Rodriguez-Mari et al., 2005). These genes are expressed in the
gonads of all animals prior to gonad fate determination. At the time
when gonad differentiation is apparent by histology, sox9a and amh
remain expressed only in testes and are not detectable in ovaries.
Conversely, the cyp19a1a gene remains expressed only in ovaries and
is turned off in testes (Rodriguez-Mari et al., 2005).
We assayed for expression of sox9a, amh, and cyp19a1a in the
gonads of dnd-MO injected ﬁsh and uninjected siblings from 25 to
45 dpf by in situ hybridization (Table 1, Fig. 4, and data not shown). At
25 dpf all gonads showed expression of sox9a and cyp19a1a in
injected and uninjected ﬁsh. The expression of amh could not beaccurately determined at 25 days because the signal was too weak to
score reliably. At 30 dpf, sox9a and cyp19a1a were expressed in
gonads of nearly all ﬁsh in injected and uninjected ﬁsh. By 35 dpf,
sox9a and amh were not detectable in some gonads from uninjected
ﬁsh, presumed to be ovaries. Similarly, cyp19a1awas not expressed in
gonads of some ﬁsh, presumed to be testes. By contrast, at 35 dpf all
gonads from dnd-MO injected siblings exhibited expression of sox9a
and amh whereas cyp19a1a was not detectable in any. A similar
spectrum of expression was seen in gonads from 45 dpf ﬁsh to that
seen at 35 dpf (data not shown). Therefore, germ line deﬁcient ﬁsh
exhibited normal early gene expression in undifferentiated gonads (25
to 30 dpf) of both testis and ovary genes. By 35 dpf only testis genes
were maintained and ovary genes were turned off in these ﬁsh.
These expression data suggest that masculinization of germ line
deﬁcient gonads is not likely due to a failure in initiating expression of
the ovary-speciﬁc cyp19a1a gene in juvenile ovary stage gonads.
Instead, the germ line is likely required for either maintaining
expression of genes expressed in the ovary or inhibiting genes
expressed in the testis.
cyp19a1a and foxL2 are differentially expressed prior to morphological
gonad differentiation
To better understand how and when the germ line inﬂuences sex
determination of somatic tissues, we assayed expression levels of
sox9a, amh, and cyp19a1a in juvenile germ line deﬁcient gonads
during development compared to their wild-type counterparts. In
addition to these known dimorphically expressed genes, we also
assayed expression of the forkhead transcription factor foxL2. The
foxL2 gene is expressed in ovarian somatic support cells in both ﬁsh
and mammals and has a known role in female sex determination and
granulosa cell development in mammals, however its expression has
not yet been described in zebraﬁsh. (Crisponi et al., 2001; Nakamura et
al., 2006; Ottolenghi et al., 2005; Pailhoux et al., 2001; Schmidt et al.,
2004; Uda et al., 2004). We assayed gene expression by quantitative
Real Time PCR (qRT-PCR) at two time points: 25 dpf, which precedes
both morphological sex differentiation and apparent dimorphic gene
expression; and 35 dpf, when morphological differentiation is
apparent in gonads of some ﬁsh and dimorphic gene expression is
seen by in situ hybridization (see above).
We found that genes normally expressed in the ovary were down-
regulated prior to sex differentiation (i.e. at 25 dpf) in germ line
deﬁcient ﬁsh in comparison towild-type ﬁsh, whereas genes normally
expressed in the testis were not differentially expressed. At 25 dpf,
expression of cyp19a1a and foxL2 was decreased by about 5 fold and
6.5 fold respectively, in germ line deﬁcient gonads compared to wild-
type (Fig. 5). By contrast, sox9a and amh showed no signiﬁcant
differences in gene expression at 25 dpf. At 35 dpf, increased
expression of amh in germ line deﬁcient gonads relative to wild-
type became apparent. sox9a expression levels were variable at 35 dpf
from sample to sample, possibly due to the dynamic nature of gonad
development at this time point. We also observed strong down-
Fig. 4. In situ hybridization on gonads during sex-differentiation. (A-H) At 25 and 30 dpf gonads from nearly all ﬁsh exhibit expression of sox9a and cyp19a1a. (I-N) At 35 dpf dimorphic gene expression is apparent. In wild-type, dimorphic
expression of sox9a is apparent (I,M) and expression is strong in all gonads from dnd-MO injected ﬁsh (J). cyp19a1a expression also becomes dimorphic in wild-type (K,N) and is no longer detectable in gonads from dnd-MO injected ﬁsh. The
sox9a transcript is generally diffuse in appearance and, at 25 and 35 dpf, is primarily localized at the borders of the organ in wild-type whereas cyp19a1a transcript is localized in distinct spots presumably small somatic cells. In panels where
extra-gonadal tissue is present, the gonad is denoted with black arrowheads. White arrowheads point to pigment cells.
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Fig. 5. Regulation of gene expression during gonad sex differentiation. qRT-PCR was
carried out on tissues including the gonad at 25 dpf and on gonads at 35 dpf inwild-type
and germ line deﬁcient ﬁsh. A positive fold change indicates higher transcript
abundance in germ line deﬁcient versus wild-type. A negative fold change indicates a
decrease in transcript abundance in germ line deﬁcient versus wild-type. Actual fold
change values are shown in subjacent table. Error bars represent the standard deviation.
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from 25 dpf and gonads from 35 dpf ﬁsh indicating absence of the
germ line in the dnd-MO injected ﬁsh (data not shown). We conclude
that gene expression of somatic tissues was affected by the absence of
a germ line at stages prior to when gonadal sex differentiation was
evident. These data suggest that the germ line inﬂuences differentia-
tion of somatic tissues during sex determination.
Discussion
We show that the germ line is necessary for ovary versus testis fate
in zebraﬁsh pointing to a critical function of the germ line in female
sex determination. Deletion of the germ line during early embryogen-
esis results in testis development and overall male organismal fate.
Analysis of gene expression in gonads of germ line deﬁcient and wild
type ﬁsh suggests that masculinization of the gonad is due to the
down-regulation of female speciﬁc genes and maintenance of male
speciﬁc genes. Furthermore, at stages prior to morphological sex-
differentiation, genes normally expressed in the ovary (foxL2 and cy-
p19a1a)were down-regulated in germ line deﬁcient gonads compared
to wild-type whereas genes normally expressed in the testes (sox9a
and amh) were not differentially expressed at this early stage. At later
stages, amh showed increased levels of expression in germ line
deﬁcient gonads relative to wild-type. We suggest that, in gonochor-
istic vertebrates, a common mechanism may exist whereby the
oocytes inﬂuence female sex determination either by promoting
female fates or inhibiting testis cell fates.
Control of sex determination by the gonad
We found that masculinization of the zebraﬁsh gonad, by deletion
of the germ line via dnd-MO injection, leads to male fate determina-
tion. Injection of dnd-MO into zebraﬁsh embryos has proven to be an
efﬁcient and effective method for deletion of the germ line during
embryogenesis (Ciruna et al., 2002; Weidinger et al., 2003). Germ line
deﬁcient zebraﬁsh have been produced by several other methods,
including mutation (e.g. nanos and ziwi mutants), and germ line-
speciﬁc expression of a toxin (Draper et al., 2007; Houwing et al.,2007; Slanchev et al., 2005). In all cases these ﬁsh appear male.
Therefore themasculinization seen in dnd-MO treated ﬁsh is not likely
to be due to the knockdown of the dnd gene, but is a secondary
consequence of germ line loss.
Germ line deﬁcient zebraﬁsh have male coloration and male
mating behavior demonstrating that steroid hormones produced by
the testis are sufﬁcient for masculinization of the animal. It has been
suggested that sex is determined via hormones produced by the brain
in zebraﬁsh as in some other ﬁsh. This idea was reinforced by
expression analysis of the cyp19a1b gene. Fish have two cyp19a1
genes: cyp19a1a is speciﬁcally expressed in the gonads and cyp19a1b is
expressed in extra-gonadal tissues, primarily the brain (Chiang et al.,
2001b; Kishida and Callard, 2001). The cyp19a1 genes encode the
enzyme aromatase, which converts androgens to estrogens thereby
controlling the balance of these sex hormones (Simpson et al., 1994).
Zebraﬁsh larvae, prior to gonadal sex differentiation, could be grouped
into two populations: low cyp19a1b expressing and high cyp19a1b
expressing (Trant et al., 2001). It was postulated that the two
populations of high and low cyp19a1b expressing larvae represented
females and males, respectively, leading to the hypothesis that sex
determination was, at least in part, controlled by hormones produced
in the brain. However recent data demonstrated that high or low levels
of larval cyp19a1b expression does not correlate with ovary or testis
differentiation, respectively (Kallivretaki et al., 2007). Therefore, early
expression of cyp19a1b by the brain does not control sex determina-
tion. Although it has not been ruled out that the brainmight contribute
to the overall sexual fate inwild-type ﬁsh, we have demonstrated that
testis speciﬁcation, via germ line loss, is sufﬁcient for organismal male
fate determination and that this decision is dominant to any affect that
the brain, or any other organ system might contribute.
Ovary fate determination likely requires a threshold number of germ
cells
Our data demonstrate that the germ line is necessary for ovary
versus testis fate determination, however the number of germ cells
and the timing at which they are required for zebraﬁsh ovary fate
speciﬁcation is not clear. Mutations and experiments that reduce germ
cell number give some insight into this question. When the germ line
dies just prior to gonadal sex-differentiation, as in ziwi mutants, the
ﬁsh become male (Houwing et al., 2007). Therefore, the germ line is
required for female sex determination up to the time when gonadal
sex-differentiation is apparent. Additionally, reduction in the number
of germ cells present due to reduced ziwi function can also lead to
male fate determination. In ﬁsh homozygous for a hypomorphic allele
of ziwi, the germ line is reduced and these ﬁsh can develop into either
males or females. However, ﬁsh with the hypomorphic allele in trans
to a null allele have a greater reduction in the number of germ cells
present and the ﬁsh develop into males (Houwing et al., 2007).
Furthermore, transplantation of single primordial germ cells (PGCs)
into germ line deﬁcient zebraﬁsh yield male ﬁsh. Therefore, the germ
cells derived from a single PGC are not sufﬁcient for ovary fate (Saito et
al., 2008). These data demonstrated that complete germ line loss is not
required for gonad masculinization, but there is a threshold in the
number of germ cells that must be present for female fate
speciﬁcation. Precisely how many germ cells are required for ovary
fate is difﬁcult to assess at present.
How does the germ line inﬂuence gonad fate?
In this study we found that the germ line is essential for ovary
versus testis fate determination. Based on this observationwe propose
that the germ line, particularly the juvenile oogonia or oocytes,
inﬂuences the fates of the somatic support cells of the gonad. We
envision two possible mechanisms by which the juvenile oocytes may
inﬂuence gonad fate (Fig. 6). Both models take into account known
Fig. 6.Models depicting germ line control of sex determination in zebraﬁsh. (A) Model 1, the juvenile oocytes promote or reinforce expression of ovary determination genes through
recruitment of pre-follicle cells. (B) Model 2, the juvenile oocytes directly inhibit expression of testis determining genes in the surrounding somatic cells. (C) The quantity of juvenile
oocytes may be critical for the sex determination decision. When few oocytes are present the balance is shifted towards testis fate (top) and when the number of oocytes exceeds a
threshold level the balance is shifted towards ovary fate (bottom).
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surrounding somatic cells: 1) induction of follicle formation and 2)
inhibition of testis development. These two models are not mutually
exclusive.
In the ﬁrst model the oocytes promote ovary fate by recruiting pre-
follicle cells from a pool of precursor cells from juvenile ovary stages
onward (Fig. 6A). As in mammals, these precursor cells might be
poised to adopt either ovarian granulosa or testis Sertoli cell fates. We
observed somatic pre-follicle cells around the juvenile oocytes from
the earliest time points analyzed (Figs. 3A, C white arrowheads). These
cells are likely expressing cyp19a1a, as similar cells are seen
surrounding oocytes by in situ hybridization (Fig. 4K). Association of
pre-follicle cells with the oocytes may lead to the reinforcement of
ovary gene expression, e.g. cyp19a1a and foxL2. This model is
supported by the early decrease in expression of cyp19a1a and foxL2
in germ line deﬁcient gonads compared to wild-type (Fig. 5). In
addition to the cyp19a1a expressing cells surrounding the oocytes,
these cells are also seen in regions of the gonad where no oocytes are
present (Fig. 4K) and in germ line deﬁcient gonads at juvenile ovary
stages (Figs. 4D, H). Therefore, the germ linemight stabilize expression
of ovary genes or ovary cell fates rather than initiating them.
In the secondmodel the germ line affects testis versus ovary fate by
inhibition of testis development (Fig. 6B). The juvenile oocytes may
directly signal the repression of male determination genes in the
somatic support cells thereby suppressing development of testis cell
fates. Alternatively, the juvenile oocytes may indirectly inhibit the
commitment of somatic cells to testis fates. Although we did not ﬁnd
evidence for repression of sox9a or amh by the germ line prior to
morphological sex-differentiation, it is possible that expression of
other testis determining genes are inﬂuenced by the germ line at these
early stages.
How do these models explain the commitment of the gonad to
either ovary or testis fates? One possibility is that the fate of the gonad
is directly related to the quantity of juvenile oocytes present (Fig. 6C).
Whenmore oocytes are present the balance would be shifted towards
ovary fate either through recruitment of pre-follicle cells or suppres-
sion of male fates. Conversely, when few juvenile oocytes are present,
the expression of testis determining genes would increase leading to
inhibition of ovary determining genes. The idea that oocyte number
controls sex determination ﬁts well with what has been observed in
zebraﬁsh with decreased germ cell numbers where a threshold
number of germ cells seems to be necessary for female sex
determination (discussed above). In wild-type, juvenile oocyte
number has been shown to be variable. A detailed analysis of many
individuals using vasa::egfp to label oocytes showed variability in
juvenile oocyte number and those ﬁsh with few oocytes developed
into males (Wang et al., 2007). The amount of oocytes present in thejuvenile ovary may be stochastic: those animals in which oocyte
number exceeds a threshold would become female whereas those
with oocytes below the threshold number would become male.
Alternatively, the number of juvenile oocytes might be limited as a
secondary consequence of testis fate thereby reinforcing the male fate
decision rather than initiating it. In the future it will be important to
address whether zebraﬁsh sex determination is controlled by the
quantity of juvenile oocytes and whether random ﬂuctuations or
direct control of oocyte number, by genetic and environmental cues,
leads to the testis versus ovary fate choice.
Control of ovary fate by the germ line: a common theme in vertebrate
development
Germ line loss affects medaka sex determination in a similar
fashion to zebraﬁsh. Medaka have an XY sex determination system. A
dominant gene, called DMY or Dmrt1bY, on the Y chromosome
instructs male fate (Matsuda et al., 2002, 2007; Nanda et al., 2002).
The expression of DMY in the pre-Sertoli cells of the male gonad is the
ﬁrst sexually dimorphic character, therefore male fate is likely
controlled by the somatic support cells of the gonad (Matsuda et al.,
2002). However, the germ line also plays a critical role in sex
determination. Depletion of the germ line in medaka can lead to XX
female to male sex reversal, pointing to germ line regulation of female
sex determination similar to what we found in zebraﬁsh (Kurokawa et
al., 2007). Therefore, in both zebraﬁsh and medaka, the germ line
plays a critical role in female sex determination.
Further evidence that the germ line plays a role in female sex
determination across teleost ﬁsh is supported by the observation that
germ cell number is typically dimorphic at early stages of gonad
development. In teleost ﬁsh, an increase in the amount of germ cells in
females relative to males is typically the ﬁrst morphological
dimorphic feature (Nakamura et al., 1998). However, in medaka,
which is the only ﬁsh for which a sex determination gene has been
identiﬁed, the male sex determining DMY gene is expressed
speciﬁcally in somatic cells of the testis and precedes dimorphic
germ line proliferation (Kobayashi et al., 2004; Matsuda et al., 2002).
Based on this observation, it has been suggested that inhibition of
male germ line proliferation is controlled by the DMY expressing
somatic support cells (Kobayashi et al., 2004). Therefore, one key step
inmale sex determinationmay be limiting the number of germ cells in
the gonad during sex speciﬁcation. Interestingly, the medaka hotei
mutant, which affects a gene encoding an Amh receptor, has germ line
overproliferation as well as XY sex-reversal (Morinaga et al., 2007). It
will be interesting to determine whether the sex-reversal phenotype
is due to overproliferation of the germ line or to defective Amh
signaling in the surrounding somatic cells. From our work on germ
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strong evidence that the germ line has a critical role in ovary fate
determination in ﬁsh. Germ line loss results in similar masculinization
affects in these two distantly related ﬁsh, supporting the argument for
a conserved role of the germ line in female sex determination.
Regardless of the different upstream sex determination cues, we
speculate that regulation of early germ cell numbers is essential for
deciding between male and female sexual fates in ﬁsh.
We suggest that the mechanisms by which the germ line
inﬂuences somatic sex determination are similar between ﬁsh and
mammals. In mammals, the germ line is required for survival of
ovarian somatic tissues as early germ line depletion (i.e. prior to
meiotic entry) leads to arrest and degeneration of the ovary. Depletion
of the germ line at later stages (i.e. after the oogonia enter meiosis)
leads to transdifferentiation of ovarian granulosa cells into Sertoli-like
cells and differentiation of testis-like cords (Guigon and Magre, 2006;
McLaren, 1991). Therefore, the germ line has a role in maintenance of
ovary versus testis cell fates. Because the gonad fails to develop if the
germ line is lost prior to entry into meiosis, whether or not the germ
line also has an early role in female sex determination cannot be easily
addressed. Furthermore, early germ line depletion in the mouse can
enhance XX sex reversal phenotypes. For example, XX sex reversal
phenotypes of foxL2 mutants are enhanced by early (i.e. premeiotic)
germ line depletion (Ottolenghi et al., 2007a). Therefore it is likely that
factors from the somatic cells, where foxL2 is expressed, and the germ
line are both important for female sex determination.
In zebraﬁsh and medaka, the masculinization phenotypes are more
severe than those seen by germ line depletion in rodents. The complete
masculinization caused bygerm line depletion in zebraﬁsh could be due
to an earlier action of the germ line in promoting female fate
determination than that in mammals. Regardless of these differences
in the severity and timing of phenotypes caused by germ line depletion,
the germ line clearly plays an integral role in female sex determination
in both ﬁsh and mammals. Based on the common effects of germ line
loss on female sex determination in zebraﬁsh, medaka and mammals,
we postulate that the germ line has a common role in female sex
determination across vertebrates. The germ line likely exerts this affect
through signaling to the surrounding somatic cells thereby affecting
their fate choice. At present, no molecules have been identiﬁed that
function in the germ line to control ovary fate. Further analysis on the
mechanisms underlying germ line control of female sex determination
will be critical to clarify the role the germ line has in this process and to
elucidate the similarities among vertebrates.
Acknowledgments
We would like to thank Ursula Schach for technical assistance. We
also thank Matthew Harris, Mahendra Sonawane, Mitchell Levesque,
David Rudel and Nuria Cerdá-Esteban for helpful comments on the
manuscript. K.R.S was supported by The Human Frontiers in Science
Program and the Max Planck Society.
References
Baroiller, J.F., Guiguen, Y., 2001. Endocrine and environmental aspects of sex
differentiation in gonochoristic ﬁsh. EXS 177–201.
Brennan, J., Capel, B., 2004. One tissue, two fates: molecular genetic events that underlie
testis versus ovary development. Nat. Rev., Genet. 5, 509–521.
Chiang, E.F., Pai, C.I., Wyatt, M., Yan, Y.L., Postlethwait, J., Chung, B., 2001a. Two sox9
genes on duplicated zebraﬁsh chromosomes: expression of similar transcription
activators in distinct sites. Dev. Biol. 231, 149–163.
Chiang, E.F., Yan, Y.L., Guiguen, Y., Postlethwait, J., Chung, B., 2001b. Two cyp19 (P450
aromatase) genes on duplicated zebraﬁsh chromosomes are expressed in ovary or
brain. Mol. Biol. Evol. 18, 542–550.
Chiang, E.F., Yan, Y.L., Tong, S.K., Hsiao, P.H., Guiguen, Y., Postlethwait, J., Chung, B.C.,
2001c. Characterization of duplicated zebraﬁsh cyp19 genes. J. Exp. Zool. 290,
709–714.
Choi, Y., Rajkovic, A., 2006. Genetics of early mammalian folliculogenesis. Cell. Mol. Life
Sci. 63, 579–590.Ciruna, B., Weidinger, G., Knaut, H., Thisse, B., Thisse, C., Raz, E., Schier, A.F., 2002.
Production of maternal-zygotic mutant zebraﬁsh by germ-line replacement. Proc.
Natl. Acad. Sci. U. S. A. 99, 14919–14924.
Cline, T.W., Meyer, B.J., 1996. Vive la difference: males vs females in ﬂies vs worms.
Annu. Rev. Genet. 30, 637–702.
Crisponi, L., Deiana, M., Loi, A., Chiappe, F., Uda, M., Amati, P., Bisceglia, L., Zelante, L.,
Nagaraja, R., Porcu, S., Ristaldi, M.S., Marzella, R., Rocchi, M., Nicolino, M.,
Lienhardt-Roussie, A., Nivelon, A., Verloes, A., Schlessinger, D., Gasparini, P.,
Bonneau, D., Cao, A., Pilia, G., 2001. The putative forkhead transcription factor
FOXL2 is mutated in blepharophimosis/ptosis/epicanthus inversus syndrome. Nat.
Genet. 27, 159–166.
Devlin, R.H., Nagahama, Y., 2002. Sex determination and sex differentiation in ﬁsh: an
overview of genetic, physiological, and environmental inﬂuences. Aquaculture 208,
191–364.
Draper, B.W., McCallum, C.M., Moens, C.B., 2007. nanos1 is required to maintain oocyte
production in adult zebraﬁsh. Dev. Biol. 305, 589–598.
Godwin, J., Luckenbach, J.A., Borski, R.J., 2003. Ecology meets endocrinology:
environmental sex determination in ﬁshes. Evol. Dev. 5, 40–49.
Goodwin, E.B., Ellis, R.E., 2002. Turning clustering loops: sex determination in Caenor-
habditis elegans. Curr. Biol. 12, R111–R120.
Goto-Kazeto, R., Kight, K.E., Zohar, Y., Place, A.R., Trant, J.M., 2004. Localization and
expression of aromatase mRNA in adult zebraﬁsh. Gen. Comp. Endocrinol. 139,
72–84.
Guigon, C.J., Magre, S., 2006. Contribution of germ cells to the differentiation and
maturation of the ovary: insights from models of germ cell depletion. Biol. Reprod.
74, 450–458.
Houwing, S., Kamminga, L.M., Berezikov, E., Cronembold, D., Girard, A., van den Elst, H.,
Filippov, D.V., Blaser, H., Raz, E., Moens, C.B., Plasterk, R.H., Hannon, G.J., Draper, B.
W., Ketting, R.F., 2007. A role for Piwi and piRNAs in germ cell maintenance and
transposon silencing in zebraﬁsh. Cell 129, 69–82.
Kallivretaki, E., Eggen, R.I., Neuhauss, S.C., Kah, O., Segner, H., 2007. The zebraﬁsh,
brain-speciﬁc, aromatase cyp19a2 is neither expressed nor distributed in a
sexually dimorphic manner during sexual differentiation. Dev. Dyn. 236,
3155–3166.
Kishida, M., Callard, G.V., 2001. Distinct cytochrome P450 aromatase isoforms in
zebraﬁsh (Danio rerio) brain and ovary are differentially programmed and estrogen
regulated during early development. Endocrinology 142, 740–750.
Knaut, H., Pelegri, F., Bohmann, K., Schwarz, H., Nusslein-Volhard, C., 2000. Zebraﬁsh
vasa RNA but not its protein is a component of the germ plasm and segregates
asymmetrically before germline speciﬁcation. J. Cell Biol. 149, 875–888.
Kobayashi, T., Matsuda, M., Kajiura-Kobayashi, H., Suzuki, A., Saito, N., Nakamoto, M.,
Shibata, N., Nagahama, Y., 2004. Two DM domain genes, DMYand DMRT1, involved
in testicular differentiation and development in the medaka, Oryzias latipes. Dev.
Dyn. 231, 518–526.
Krovel, A.V., Olsen, L.C., 2004. Sexual dimorphic expression pattern of a splice variant of
zebraﬁsh vasa during gonadal development. Dev. Biol. 271, 190–197.
Kurokawa, H., Saito, D., Nakamura, S., Katoh-Fukui, Y., Ohta, K., Baba, T., Morohashi, K.,
Tanaka, M., 2007. Germ cells are essential for sexual dimorphism in the medaka
gonad. Proc. Natl. Acad. Sci. U. S. A. 104, 16958–16963.
Lawrence, C., Ebersole, J.P., Kesseli, R.V., 2007. Rapid growth and out-crossing promote
female development in zebraﬁsh (Danio rerio). Environ. Biol. Fisches. 81, 239–246.
Maack, G., Segner, H., 2003. Morphological development of the gonads in zebraﬁsh.
J. Fish Biol. 62, 895–906.
Matsuda, M., Nagahama, Y., Shinomiya, A., Sato, T., Matsuda, C., Kobayashi, T., Morrey, C.E.,
Shibata, N., Asakawa, S., Shimizu,N., Hori, H., Hamaguchi, S., Sakaizumi,M., 2002. DMY
is a Y-speciﬁc DM-domain gene required for male development in the medaka ﬁsh.
Nature 417, 559–563.
Matsuda, M., Shinomiya, A., Kinoshita, M., Suzuki, A., Kobayashi, T., Paul-Prasanth, B.,
Lau, E.L., Hamaguchi, S., Sakaizumi, M., Nagahama, Y., 2007. DMYgene induces male
development in genetically female (XX) medaka ﬁsh. Proc. Natl. Acad. Sci. U. S. A.
104, 3865–3870.
McLaren, A., 1991. Development of the mammalian gonad: the fate of the supporting
cell lineage. BioEssays 13, 151–156.
Misic, W., 1923. Die Spätbefruchtung und deren Einﬂuss auf Entwicklung und
Geschlechtsbilding, experimentell nachgeprüft an der Regenbogneforelle. Arch.
Mikrosk. Anat. Entwickl.Mech. 98, 129–209.
Morinaga, C., Saito, D., Nakamura, S., Sasaki, T., Asakawa, S., Shimizu, N., Mitani, H.,
Furutani-Seiki, M., Tanaka, M., Kondoh, H., 2007. The hotei mutation of medaka in
the anti-Mullerian hormone receptor causes the dysregulation of germ cell and
sexual development. Proc. Natl. Acad. Sci. U. S. A. 104, 9691–9696.
Morrish, B.C., Sinclair, A.H., 2002. Vertebrate sex determination: many means to an end.
Reproduction 124, 447–457.
Nakamura, M., Kobayashi, T., Chang, X., Nagahama, Y., 1998. Gonadal sex differentiation
in teleost ﬁsh. J. Exp. Zoolog. A Comp. Exp. Biol. 281, 362–372.
Nakamura, S., Kobayashi, D., Aoki, Y., Yokoi, H., Ebe, Y., Wittbrodt, J., Tanaka, M., 2006.
Identiﬁcation and lineage tracing of two populations of somatic gonadal precursors
in medaka embryos. Dev. Biol. 295, 678–688.
Nanda, I., Kondo, M., Hornung, U., Asakawa, S., Winkler, C., Shimizu, A., Shan, Z., Haaf, T.,
Shimizu, N., Shima, A., Schmid, M., Schartl, M., 2002. A duplicated copy of DMRT1 in
the sex-determining region of the Y chromosome of the medaka, Oryzias latipes.
Proc. Natl. Acad. Sci. U. S. A. 99, 11778–11783.
Nordqvist, K., Tohonen, V., 1997. AnmRNA differential display strategy for cloning genes
expressed during mouse gonad development. Int. J. Dev. Biol. 41, 627–638.
Ottolenghi, C., Omari, S., Garcia-Ortiz, J.E., Uda, M., Crisponi, L., Forabosco, A., Pilia, G.,
Schlessinger, D., 2005. Foxl2 is required for commitment to ovary differentiation.
Hum. Mol. Genet. 14, 2053–2062.
287K.R. Siegfried, C. Nüsslein-Volhard / Developmental Biology 324 (2008) 277–287Ottolenghi, C., Pelosi, E., Tran, J., Colombino, M., Douglass, E., Nedorezov, T., Cao, A.,
Forabosco, A., Schlessinger, D., 2007a. Loss of Wnt4 and Foxl2 leads to female-to-
male sex reversal extending to germ cells. Hum. Mol. Genet. 16, 2795–2804.
Ottolenghi, C., Uda, M., Crisponi, L., Omari, S., Cao, A., Forabosco, A., Schlessinger, D.,
2007b. Determination and stability of sex. BioEssays 29, 15–25.
Pailhoux, E., Vigier, B., Chaffaux, S., Servel, N., Taourit, S., Furet, J.P., Fellous, M.,
Grosclaude, F., Cribiu, E.P., Cotinot, C., Vaiman, D., 2001. A 11.7-kb deletion triggers
intersexuality and polledness in goats. Nat. Genet. 29, 453–458.
Pfafﬂ,, M.W., 2001. A new mathematical model for relative quantiﬁcation in real-time
RT-PCR. Nucleic Acids Res. 29, e45.
Pieau, C., Dorizzi, M., Richard-Mercier, N., 2001. Temperature-dependent sex determi-
nation and gonadal differentiation in reptiles. In: Scherer, G., Schmid, M. (Eds.),
Genes and Mechanisms in Vertebrate Sex Determination. Birkhaeuser Verlag,
Berlin, pp. 117–141.
Polanco, J.C., Koopman, P., 2007. Sry and the hesitant beginnings of male development.
Dev. Biol. 302, 13–24.
Rodriguez-Mari, A., Yan, Y.L., Bremiller, R.A., Wilson, C., Canestro, C., Postlethwait, J.H.,
2005. Characterization and expression pattern of zebraﬁsh anti-Mullerian hormone
(amh) relative to sox9a, sox9b, and cyp19a1a, during gonad development. Gene
Expr. Patterns 5, 655–667.
Saito, T., Goto-Kazeto, R., Arai, K., Yamaha, E., 2008. Xenogenesis in teleost ﬁsh through
generation of germ-line chimeras by single primordial germ cell transplantation.
Biol. Reprod. 78, 159–166.
Schmidt, D., Ovitt, C.E., Anlag, K., Fehsenfeld, S., Gredsted, L., Treier, A.C., Treier, M., 2004.
The murine winged-helix transcription factor Foxl2 is required for granulosa cell
differentiation and ovary maintenance. Development 131, 933–942.
Selman, K., Wallace, R.A., Sarka, A., Qi, X., 1993. Stages of oocyte development in the
zebraﬁsh, Brachydanio rerio. J. Morphol. 218, 203–224.
Shang, E.H., Yu, R.M., Wu, R.S., 2006. Hypoxia affects sex differentiation and
development, leading to a male-dominated population in zebraﬁsh (Danio rerio).
Environ. Sci. Technol. 40, 3118–3122.
Simpson, E.R., Mahendroo, M.S., Means, G.D., Kilgore, M.W., Hinshelwood, M.M.,
Graham-Lorence, S., Amarneh, B., Ito, Y., Fisher, C.R., Michael, M.D., et al., 1994.
Aromatase cytochrome P450, the enzyme responsible for estrogen biosynthesis.
Endocr. Rev. 15, 342–355.
Slanchev, K., Stebler, J., de la Cueva-Mendez, G., Raz, E., 2005. Development without
germ cells: the role of the germ line in zebraﬁsh sex differentiation. Proc. Natl. Acad.
Sci. U. S. A. 102, 4074–4079.
Sola, L., Gornung, E., 2001. Classical and molecular cytogenetics of the zebraﬁsh, Danio
rerio (Cyprinidae, Cypriniformes): an overview. Genetica 111, 397–412.
Takahashi, H., 1974. Juvenile Hermaphroditism in the Zebraﬁsh, Brachyodanio rerio. Bull.
Fac. Fish., Hokkaido Univ. 28, 57–65.
Takahashi, H., Shimizu, M., 1983. Juvenile Intersexuality in a Cyprinid Fish, the Sumatra
Barb, Barbus tetrazona tetrazona. Bull. Fac. Fish., Hokkaido Univ. 34, 69–78.Tang, R., Dodd, A., Lai, D., McNabb, W.C., Love, D.R., 2007. Validation of zebraﬁsh (Danio
rerio) reference genes for quantitative real-time RT-PCR normalization. Acta
Biochim. Biophys. Sin. (Shanghai) 39, 384–390.
Trant, J.M., Gavasso, S., Ackers, J., Chung, B.C., Place, A.R., 2001. Developmental
expression of cytochrome P450 aromatase genes (CYP19a and CYP19b) in zebraﬁsh
fry (Danio rerio). J. Exp. Zool. 290, 475–483.
Traut, W., Winking, H., 2001. Meiotic chromosomes and stages of sex chromosome
evolution in ﬁsh: zebraﬁsh, platyﬁsh and guppy. Chromosome Res. 9, 659–672.
Uchida, D., Yamashita, M., Kitano, T., Iguchi, T., 2002. Oocyte apoptosis during the
transition from ovary-like tissue to testes during sex differentiation of juvenile
zebraﬁsh. J. Exp. Biol. 205, 711–718.
Uchida, D., Yamashita, M., Kitano, T., Iguchi, T., 2004. An aromatase inhibitor or high
water temperature induce oocyte apoptosis and depletion of P450 aromatase
activity in the gonads of genetic female zebraﬁsh during sex-reversal. Comp.
Biochem. Physiol., Part A Mol. Integr. Physiol. 137, 11–20.
Uda,M., Ottolenghi, C., Crisponi, L., Garcia, J.E., Deiana,M., Kimber,W., Forabosco, A., Cao,
A., Schlessinger, D., Pilia, G., 2004. Foxl2 disruption causes mouse ovarian failure by
pervasive blockage of follicle development. Hum. Mol. Genet. 13, 1171–1181.
Vainio, S., Heikkila, M., Kispert, A., Chin, N., McMahon, A.P., 1999. Female development
in mammals is regulated by Wnt-4 signalling. Nature 397, 405–409.
Volff, J.N., Schartl, M., 2001. Variability of genetic sex determination in poeciliid ﬁshes.
Genetica 111, 101–110.
Wallace, B.M., Wallace, H., 2003. Synaptonemal complex karyotype of zebraﬁsh.
Heredity 90, 136–140.
Wallis, M.C., Waters, P.D., Graves, J.A., 2008. Sex determination inmammals - before and
after the evolution of SRY. Cell. Mol. Life Sci. 65, 3182–3195.
Wang, X.G., Orban, L., 2007. Anti-Mullerian hormone and 11 beta-hydroxylase show
reciprocal expression to that of aromatase in the transforming gonad of zebraﬁsh
males. Dev. Dyn. 236, 1329–1338.
Wang, X.G., Bartfai, R., Sleptsova-Freidrich, I., Orban, L., 2007. The timing and extent
of “juvenile ovary” phase are highly variable during zebraﬁsh testis differentia-
tion. J. Fish Biol. 70, 33–44.
Weidinger, G., Stebler, J., Slanchev, K., Dumstrei, K., Wise, C., Lovell-Badge, R., Thisse, C.,
Thisse, B., Raz, E., 2003. dead end, a novel vertebrate germ plasm component, is
required for zebraﬁsh primordial germ cell migration and survival. Curr. Biol. 13,
1429–1434.
Yamamoto, T., 1969. Sex differentiation. In: Hoar, W.S., Randall, D. (Eds.), Fish
Physiology: Reproduction and Growth; Bioluminescence, Pigmments, and Poisons,,
Vol. 3. Academic Press, New York, pp. 127–131.
Yao, H.H., Capel, B., 2005. Temperature, genes, and sex: a comparative view of sex
determination in Trachemys scripta and Mus musculus. J. Biochem. 138, 5–12.
Yao, H.H., DiNapoli, L., Capel, B., 2003. Meiotic germ cells antagonize mesonephric cell
migration and testis cord formation in mouse gonads. Development 130,
5895–5902.
